We propose a model of pattern formation in the growth of snow crystals that takes into account the actual elemental processes relevant to the growth of crystals, i.e. , a surface kinetic process for incorporating molecules into a crystal lattice and a diffusion process. This model gives a clear correspondence between the patterns produced and the actual growth conditions such as supersaturation and the diffusion coefficient. Circular patterns due to kinetic roughening, hexagonal patterns, and dendritic patterns are obtained starting from a circular crystal under various growth conditions. We analyze these patterns and discuss the mechanisms of appearance of round patterns, the development of hexagonal patterns, and the formation of dendritic patterns of snow crystals. Finally, it is shown that the dimensionless crystal size with reference to the mean free path of a water molecule plays an important role in the pattern formation of growing snow crystals.
I. INTRODUCTION
The great variety of growth forms of snow crystals is one of the marvels of nature. The form of a growing snow crystal changes with time as follows. First, a spherical single ice crystal of the order of 1-10 pm in radius is formed by the freezing of a supercooled water droplet in a cloud; this frozen droplet adsorbs supersaturated water vapor, thus growing into a hexagonal prism, which is the fundamental form of ice crystals bounded by two basal I0001), and six prism I1010I, faces. ' The hexagonal prism develops further into various patterns such as plate, column, needle, sector plate, and dendrite according to the growth conditions in the cloud. ' Since the growth rate of each position of a surface depends on growth conditions, the pattern produced therefore depends on those conditions. Nakaya investigated for the first time the relation be- Here we should distinguish this instability from the Mullikins-Sekerka instability for the round interface, e.g. , the crystal-melt interface, which is rough in the molecular scale. ' It has been found that the development of skeletal or dendritic structures is reduced by an increase in the diffusion coefficient of water vapor, and, on the other hand, the development of these structures increases with increasing thermal conductivity of the atmosphere. ' However, theoretical studies on the time evolution of the pattern of growth have recently been developed.
There are the following two approaches.
The first is an approach which assumes simple growth laws and produces various complicated patterns similar to natural snow dendrites. ' The second is an approach which takes into account actual elemental processes relevant to the growth of crystals; these are the surface kinetic process for incorporating water molecules into a crystal lattice and the diffusion process.
Although the former approaches, using simple growth (ii) to analyze the patterns produced by the simulation, and (iii) to discuss the mechanisms of the appearance of round pattern, the development of facets, and the formation of a dendritic pattern in terms of both processes.
To be precise, the heat conduction process may also contribute to the pattern formation of snow crystals.
However, it can be considered that its contribution to the growth rate is relatively small compared to the diffusion and the surface kinetic processes, unless the growth rate is too large. ' Furthermore, it has been found experimentally that the heat conduction process contributes minimally to the pattern formation. ' This moving boundary problem in which two processes are coupled is extremely difficult to solve. 
where D is the diffusion coefficient and q, =(Bo /Bn ), the normal gradient of supersaturation at a position on the surface. Thus, by substituting Eqs. (1) and (12) Fig. 9 (o "=8. 5%), 5P=0.04 at 0 s. This value is one-tenth of 5P in Fig. 8 Fig. 11 . This value is much larger than 5P=0.04 at 0 s in Fig. 9 . Hence, the prism faces can grow easily, as shown in Fig. 11 , and an initial circular crystal becomes a perfect hexagon during a slight growth in size.
The growth rate is much smaller than that for D =40 cm /s (compare growth times in Fig. 9 with those in Fig. 11 ), since 0, in Fig. 11(b) is smaller than that in Fig. 9(b) , (1) ' (16) where Acr =a, (1) -0, (0). Since 5o in Fig. 11(b Fig. 13 , and 5P=0. 12 in Fig. 14.
When an initial circular crystal has become a perfect hexagon in Fig. 12 , the growth rate at the corners is larger than that at the center of the surface because of the large inhomogeneity in surface supersaturation, and consequently preferred growth at the corners begins. This is the onset of transition from a hexagonal to a dendritic pattern. Figure 12( (Fig. 17) , we rewrite r, in Eq. When a hexagonal crystal grows retaining its macroscopically flat surface, the supersaturation is not uniform over its surface -it is largest o,(1) at the corners, and smallest o,(0} at the center of surface (Fig. 11) . (0) is smallest. Since the step velocity reduces approaching the center of the surface because of the decrease in o. , from the corners to the center of the surface, the steps become closer together approaching the center of the surface. As a result, the loca1 slope is smallest at the corners and largest at the center of the surface or P,"o, (0;0, " ) =P(o, " )o, ", (24) where Vkm, "(0)"is the maximum growth rate corresponding to P, "at the center of the surface, Vk(1)" the critical growth rate at the corners, 0, " =0, *'(1) the critical supersaturation at the corners, and o, (0;o, ") the critical supersaturation at the center of the surface which depends on cr, (1)" [Eqs. (25) and (26)].
Here, in the case of the regular hexagonal crystal, the supersaturation inhomogeneity ba =cr, (l) -cr, (0) In a way similar to the derivation of conditions for transition from hexagonal to dendritic pattern, x is determined by the conditions V(x)= V(1). Furthermore, we assume that Eqs. (25) and (26) It has been considered that the patterns of snow crystals were determined only by the temperature T and the supersaturation 0 "sofar. As shown in Fig. 18 
